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High density polyethylene Nanocomposite Wear A B S T R A C T High density polyethylene nanocomposites were prepared by melt mixing of varying type of nanopowders in the presence of vinyltrimethoxysilane (VTMS) coupling agent. Three spherical/irregular-shaped nanopowders, fumed Al 2 O 3 , γ-Al 2 O 3 , cubic titanium nitride (TiN) (1.5 vol-%), and high aspect ratio graphene oxide platelets (GO) (0.5 vol-%) were investigated in a high molecular weight HDPE matrix. Significant differences in the dispersion quality between the nanopowders were found by TEM and AFM. Degree of crystallinity of the nanocomposites (DSC/XRD) was consistently lower than in the neat HDPE polymer. The particularly well dispersed fumed Al 2 O 3 , γ-Al 2 O 3 and GO nanopowders induced significant modification on the micromechanical properties of the HDPE. For the first time, great enhancement in the sliding wear performance, and an improvement in the abrasive wear performance was found in the high molecular weight HDPE nanocomposites. DSC analyses showed elevations in the glass transition temperatures and the peak melting temperatures of the nanocomposites. XRD peak splitting in the HDPE + GO and the HDPE + γ-Al 2 O 3 nanocomposites suggest the emergence of a concurrent orthorhombic HDPE phase. Formation of new phases was also supported by DSC analyses showing broad and multimodal melting peaks. Scherrer analyses of XRD data showed slightly increased HDPE crystalline thicknesses in the range of 15-20 nm in the nanocomposites, which was in line with the TEM and AFM observations. The great elevation in the melting temperatures of the HDPE nanocomposites with fumed Al 2 O 3 and γ-Al 2 O 3 could not be attributed to the polymer lamellar thickness, but rather to the altered properties of the solid amorphous phase stemming for the nanopowder additives.
Introduction
High density polyethylene (HDPE) is a commodity polymer equipped with many good engineering properties. Owing to the chemical inertness, self-lubrication, high mechanical ductility, and good wear performance of HDPE, it is widely used for plastic bottles, water piping, tanks and containers, for example. Under load conditions involving low surface pressures and dry or lubricated sliding contacts against metals, HDPE competes with the commonly used performance material ultrahigh molecular weight PE (UHMWPE). In many cases the slightly higher elastic moduli and strength of HDPE versus the UHMWPE are considered highly beneficial, as these allow more surface loading. Furthermore, retention of mechanical properties and wear resistance at elevated temperatures are generally manifested in HDPE. To boost these properties, the intrinsic performance of neat HDPE polymer can be further improved by introduction of additives, inorganic fillers, and by applying chemical crosslinking. However, the high loading of micron sized fillers (10-40 vol-%) required to achieve desired outcomes typically compromise the good intrinsic properties of HDPE.
Due to the low filler particle density, and hence microscopic heterogeneity of the polymer microcomposites, applied mechanical stresses on the composite concentrate the polymer-filler interfaces. Thus, the increased mechanical strength and elastic modulus coincide with reduced ductility of the composite material, and, consequently, reduced abrasive wear resistance compared to the neat polymer [2] .
Owing to their small particle size and large surface area, dispersed nanopowders in general affect the matrix polymer properties, e.g. elastic stiffness, barrier properties etc., at low loadings in the 0.1 to 2 vol-% range, whereas typically five to tenfold loadings are necessary when using similar shaped micron size fillers [21] . Reduction of the filler particle size dramatically increases the interfacial surface area and https://doi.org/10.1016/j.polymertesting.2019.105897 Received 18 February 2019; Received in revised form 15 April 2019; Accepted 9 May 2019 the particle density in the composite, and, moreover, effectively decreases the geometric mean inter-particle distance (IPD). Hence, the interaction volume of the well dispersed nanoparticles (NPs) in the polymer phase covers a significant fraction of the total volume of the polymer nanocomposite.
In contrast, improvements in some of the mechanical properties have been observed with IPDs as long as hundreds of nm [1, 4] . This can be achieved at relatively low loadings that do not either compromise the inherent toughness of the matrix polymer, or opposite, increase the toughness by microvoid formation [27] or by inducing barriers for grazing and crack propagation. An example of the latter is rubbertoughened polyamide, where a brittle-to-ductile transition takes place at roughly IPD ≈600 nm of the fine rubber particles [19] , and which is due to the capability of rubber particles to favour plastic shear over cavitation in their vicinity according to Corte and Leibler [4] .
The large specific surface area that makes nanofillers attractive also poses a challenge for processing: large surface area means strong interparticle interactions in the melt, which tend to clump the NPs together into aggregates that are much larger than the primary NPs. Efficient way of improving the dispersion of NPs is to coat their surface with grafted polymer chains or chemically compatible groups [11, 12] . Surface modification with differently sized chains and chemically functional groups may lead to altered mechanical behaviour of HDPE nanocomposites. For example, Liu et al. [11] found that with silane grafted oligomeric chains, a thinner coating layer seems to correlate with better dispersion but a thicker layer of longer grafted chains promotes particle-matrix bonding. Stress-induced cavitation on the interphase between HDPE and C1-C18 alkylsilane treated nano-Al 2 O 3 was reported by Liu et al. [13] . Previous investigations on LDPE nanocomposite high voltage dielectrics have highlighted the paramount role of the interface strength as dominant factor controlling the final microstructure and the electrical and mechanical properties [22, 24] .
The mechanical properties of semi crystalline HDPE also depend strongly on crystallinity and crystal morphology, which are mainly determined by molecular weight and thermal treatment [6] . However, there is some controversy over how given NPs effect the crystalline nucleation of different polyethylenes. For example, Dastjerdi et al. [5] found that the addition of nano-CaCO 3 powder slightly decreased the crystallinity of cross-linked polyethylene, while [28] found addition of nano-CaCO 3 to increase crystallinity of HDPE. Liu et al. [11] found no change in the crystallinity of low-density polyethylene upon addition of Al 2 O 3 NPs.
In glassy polymers, nanofillers can have a significant effect on glass transition temperature (T g ) and physical aging even at low volume fractions [10] , indicating that the dynamics of the polymer can be altered at a significant distance from the particle-matrix interface. Nanoparticles also function as effective physical crosslinks, leading to the well-known Payne effect in rubbers [8, 20] . Similar effects would not necessarily be expected in semi crystalline polymers, where confinement between crystalline lamellae is likely to dominate the behaviour of the amorphous phase. However, Yuan et al. [28] reported an 11°C increase in T g as a result of adding nano-CaCO 3 NPs, suggesting reduced mobility in the amorphous phase. A higher crystallinity and smaller amorphous layer thickness was reported for the nanocomposite, meaning tighter nano confinement for the amorphous phase, possibly accounting for the lower mobility.
However, as with most nanocomposite literature, most polyethylene studies have reported less ideal outcomes, illustrating the difficulties in achieving consistent results with nanofillers whose shape, surface chemistry, that is, their affinity to the polymer and the processing methods contribute to NP dispersion and the properties of the nanocomposite. As with spherical NPs, also nanoplatelets can affect the crystallinity, mechanical properties and wear resistance of HDPE, as shown by the previous studies reporting slightly (2.5%) increased crystallinities [3] , and significantly (80%) higher elastic modulus and enhanced wear resistance [14] by the addition of unmodified carbon nanoplatelets, and silanized nanoplatelet-nanofiber hybrid fillers, respectively.
In this study, we investigate three spherical (irregular-shaped) nanofillers (fumed Al 2 O 3 , γ-Al 2 O 3 , and TiN) having largely different surface chemistries, and one nanoplatelet shaped filler (graphene oxide, GO) with extremely high geometric aspect ratio and surface reactivity dispersed in high molecular weight HDPE. The aim of this study was to elucidate the correlations between the shape, surface chemistry and the dispersion of different nanoparticles in HDPE, and their effects on the HDPE matrix morphology and micromechanical properties. Correlations were sought by microscopy, by quantifying the micromechanical elastic and plastic properties and the related wear properties of HDPE nanocomposites. We use transmission electron microscopy (TEM) and atomic force microscopy (AFM) to study the dispersion and morphology, and examine crystallization by differential scanning calorimetry (DSC) and X-ray diffraction (XRD). We employ micro-indentation and pin-on-disk tests to detect effects on micromechanical and wear properties.
Experimental
Materials
High molecular weight HDPE (HE 1878E, Borealis) powder was used as the base polymer. Coupling agent and dispersion ad vinyltrimethoxy silane (purity 97%, Sigma-Aldrich) was added to the mixtures (Table 1) during the dry-mixing of HDPE and filler powders.
Four commercially available nanopowders were studied
Graphene oxide (GO) powder N002-PDE (Angstron Materials) had, according to the supplier, specific surface area > 400 m 2 /g, thickness of the GO platelets of 2-3 nm (few stacked graphene layers), and lateral dimensions of the GO particles of 6-8 μm. This 2D-platelet shaped GO particle have much higher aspect ratio compared to the TiN, γ-Al 2 O 3 , fAl 2 O 3 . Hence, much lower loading of GO was applied, as compared to the other spherically or irregularly shaped materials which all had roughly threefold volumetric loading (Table 1) . Titanium nitride (TiN) nanopowder 7945HK (Sky Spring Nanomaterials, Inc., USA) contained loosely aggregated 20 nm (cubic) TiN primary particles. The average aggregate length was 200-300 nm, as confirmed by SEM. According to the supplier, the specific surface area was > 80 m 2 /g and the oxygen content < 1%. TiN has the highest hardness of the studied nanomaterials. Moreover, it is least reactive towards surface functionalization by silane chemistry.
Gamma phase aluminium oxide (γ-Al 2 O 3 , catalog number 44757, g. Hence, the morphogies of the primary particles and the aggregates of the to studied Al 2 O 3 materials were quite different, as confirmed by the TEM images.
Composition of the studied HDPE nanocomposite samples is presented in the following Table 1 . The estimated surface coverage of the VTMS was based on the BET surface area of the nanopowder given by the supplier. It is noted that the VTMS loadings presented in Table 1 correspond theoretically to 0.7X and 2X silane monolayer coverage, for the platelet shaped GO and the more irregularly shaped (3-dimensional) TiN and Al 2 O 3 nanoparticles, respectively. The figure are estimated by comparing the specific surface area of the nanopowders and the specific wetting surface area of VTMS, which is 528 m 2 /g (Gelest product catalog).
Methods
Dry mixing of powders
Coupling agent and dispersion aid vinyltrimethoxy silane 97% (Sigma-Aldrich) was dry mixed with the HDPE and filler powders (Table 1) using SpeedMixer (FlackTek, Inc., US).
Melt compounding
The dry mixed powders were melt compounded in laboratory twin screw mixer MC15 HT (Xplore Instruments BV, The Netherlands), mixing volume 15 cm 3 , barrel temperature +240°C and the mixing time 3-4 min.
Injection moulding
ThermoHaake Minijet pneumatic ram injection moulding machine was utilized in the preparation of cylindrical samples of diameter 10 mm and the length of 16 mm. The cylinder temperatures was set to +250°C and the mould temperature was in the range of +70 to +80°C.
Atomic force microscopy (AFM)
AFM samples were prepared by melting HDPE nanocomposite pellets between two microscope glass slides under mild pressure. Approximately 5-6 mg of the polymer was melted between the glass slides at +200°C on a hot plate under mild compression. The molten disk was allowed to cool and crystallize at room temperature during 5 min. After the cooling the glass slides were immersed into water at room temperature for 15 min and the upper glass slide was gently removed. This procedure employs reasonably the cooling rates of injection moulding, likely generating surface morphologies similar to injection moulded HDPE parts. Hence, it is believed that morphology of the surface layers of the characterized AFM samples resemble those of the rapidly cooled injection moulded test samples of this work.
Surface morphology of the disks was imaged by atomic force microscope (Park Systems XE-100, Korea). AFM was operating in noncontact mode in air. Silicon probe ACTA-SS (Applied NanoStructures, Inc., USA) was utilized, with nominal resonance frequency of about 300 kHz, spring constant 37 N/m and tip radius 1-2 nm. Condition of the tip was controlled by scanning the same samples twice. AFM images of representative 5 × 5 μm 2 areas of the samples were acquired with a scan rate of 0.25-0.35 Hz. Image analysis was done using Park Systems XEI 1.8 software.
Transmission electron microscopy (TEM)
Sections of 100 nm thickness were cut from the injection moulded samples using a Leica EM UC7 ultramicrotome. The sectioning was carried out at −150°C and the sections were collected on 300 mesh copper grids coated with lacey carbon (Electron Microscopy Sciences). The sections were subsequently imaged using a JEOL JEM-3200FSC transmission electron microscope operated under zero-loss conditions with liquid helium cooling. No staining was used, but instead we relied on the density differences for contrast. The low imaging temperature was necessary to ensure the stability of the crystallites.
X-ray diffraction (XRD)
Phase analyses were carried out by an X-ray diffractometer (XRD, Empyrean, PANalytical B.V.) with a Cu-Kα radiation source, and analysed using the HighScore Plus software. Degree of crystallinity for each sample was estimated as a relative area of the crystalline component with respect to the overall diffracted intensity using the HighScore Plus software. Average thickness of the polymer lamellas were estimated from the XRD patterns by the Scherrer equation at 2θ ≈ 21.4 ○ and 23.7 ○ .
Differential scanning calorimetry (DSC)
The cryogenic glass transition temperature (T g ) and the melting and crystallization peaks of the HDPE nanocomposites were measured by NETZSCH 204F1 Phoenix DSC. Approximately 7-8 mg of the samples were weighted into the DSC pans. Scanning speed was 20°C/min. Degree of crystallinity was determined from the melting enthalpy (ΔH m ), which was derived by integration of the DSC curves over the whole melting range from +80°C to +170°C. Degree of crystallinity X c was calculated from the melting enthalpy by X c = ΔH m /(w p ⋅ ΔH c ), where the ΔH c (286.7 J/g) is the melting enthalpy of 100% crystalline polyethylene sample [23] and the w p is the mass fraction of the polymer in the nanocomposite.
Micro-indentation measurements
The micro indentation measurements were carried out by using the CSM Micro Combi-tester with a Vickers tip. The loading rate of 100 mN/min and the maximum load of 200 mN with a dwell time of 120 s was applied. Ten indentations were made for each sample recording the indentation hardness (HIT), plane strain modulus (E*), elastic and plastic parts of the indentation work. The values are presented as mean values of the measurements.
Pin-on-disc wear test
Sliding wear performance of the HDPE nanocomposites was evaluated with pin-on-disc tests (POD). In the other end of the cylindrical polymer samples a sliding pin with the diameter of 3 mm (length 2 mm) was prepared for the tests. The skin layer originating from the rapid cooling on the mould surface during the injection moulding was removed. The samples were positioned in the POD-device the pin facing the counter surface. The counter parts were bearing steel discs (100Cr6) with polished surfaces (R a < 0.01 μm). In the tests the normal force used was 10 N, the sliding speed 0.2 ms −1 and the sliding distance 16000 m. The tests were carried out in the controlled laboratory with 50 ± 5% relative humidity (RH) and 22 ± 2°C. The tests were carried out two times and the results are presented as mean values of the tests. The friction force was measured during the tests for friction coefficient determination.
Abrasive wear tests
The abrasive wear of HDPE nanocomposites was evaluated by sand abrasion tests against ∅35 mm steel wheel which was coated by rubber (Hardness Shore A 61). Quartz sand (grain size 0.32 mm) at flow feed rate 320 g/min was used. The tests followed the ASTM 65-04 standard but lower values of the normal load (19 N) and velocity (0.62 m/s, 6 min) were applied to avoid overloading and overheating of the polymers. To verify the repeatability of the sand abrasion test during the study, a reference material (commercial PEEK rod) was used at certain intervals to ensure that the test results were comparable. The tests were carried out three times. The wear surfaces were studied by optical microscopy after the tests. In the case the TiN and f-Al 2 O 3 overlaying the amplitude signal onto the topography image highlighted the nanoparticles, which are the small dots between the crystalline lamellae. It should be noted that the surface roughness of the samples was variable, and hence, in order to bring the crystal lamellae clearly visible in all AFM topography images, the Zrange (indicated in the 2D images) was set individually between samples. There were marked differences in the morphologies between the surfaces of the samples. Clearly, the typical lamellar morphology of the neat HDPE polymer was best presented in the HDPE + TiN and f-Al 2 O 3 composites, also showing similar surface roughness (Z-scale 100 nm). In contrast, the lamellar structure was significantly different, and the surface was much smoother in the γ-Al 2 O 3 and GO nanocomposites (Zscale 40 nm). Characteristically, the crystalline lamellae of the γ-Al 2 O 3 and GO samples on the surface of the cast film appear more finely textured and unidirectional, as compared to the reference HDPE and TiN and f-Al 2 O 3 composites, showing more coarse and branched crystallites. The lamellar thickness (l c ) can roughly estimated from the AFM images. The typically observed lamellar thickness between 15 and 20 nm is in accordance with the TEM observations and XRD peak analyses for the crystallite size (D hkl ), but it is not possible to find quantitative difference between samples in the distribution of HDPE lamellar thicknesses based on the AFM topography images. However, as already discussed by previous investigators, the mechanical AFM probe having its' radius of curvature in the nanometer range yields only semiquantitative, but comparative data, that can support the quantitive analyses from either TEM images or for measurements of the long period (L) small angle X-ray diffraction (SAXS), or the X c by Wide angle X-ray diffraction or by DSC [29] . For lamellar thickness (l c ) and the X c following relation holds for pure polymer: l c = L⋅X c . Given the NPs occupy between 0.5 and 1.5 vol-% of the (amorphous) material, the same relation should be reasonable for the lamellar thickness in nanocomposites.
Results and discussions
Atomic force microscopy (AFM)
A single aggregate of GO platelets, indicated by blue arrow is protruding from the surface as shown in Fig. 1 . Hence, apparently, the nanoparticles and the GO platelets were already present in the very outermost surface, that is, the most rapidly cooled skin layer of the samples. This observation is in accordance with the sliding test, showing that all the studied nanocomposites had a stable coefficient of friction, differing from the neat polymer. Hence, the low concentration of nanopowders have a significant effect to the polymer surface properties, and the surface crystallization and homogeneous surface morphology of the moulded polymer parts in the nanometer scale, which is typically not the case in traditional micro-composites.
DSC analyses
Crystallization temperatures, peak melting temperatures (T m ) during the 1st and 2nd heating cycles and the glass transition temperature T g of the nanocomposites are summarized in Table 2 . The low temperature T g and crystalline melting on the 2nd heating cycles are shown in more detail in Fig. 2 .
Clearly, as compared to the reference, the TiN nanoparticles at the 1.45 vol-% loading have the least significant effect on the degree of crystallinity after the two heating cycles of the samples. Moreover, of the studied nanopowders, TiN has the smallest effect on the low temperature thermal relaxations (T g ) of the polymer. Owing to the thermal and flow histories from the injection moulding, the enthalpy of melting (ΔH m ) for the HDPE and the nanocomposites is typically not the same during the first and the second heating cycles. The effects of the NPs on the crystallization are variable, and likely dependent on the cooling rates. For example, the HDPE + TiN samples has significantly lower crystallinity (58%) during the first melting than during the 2nd (69%). Alternatively, the other studied nanocomposites typically show (2-4%) higher degree of crystallinity during the first heating cycle. It is also noticeable that the melting peak positions of the firstand second cycles are similar only for the reference HDPE and the HDPE + TiN samples. Peak T m measured during the second heating cycle, as compared to the first heating cycle, was either 5-6°C lower or higher for the two cases of HDPE + GO and HDPE + f-Al 2 O 3 nanocomposites, respectively. It could be hypothesized that flow induced crystallization due to high aspect ratio platelet shape of GO could have brought this discrepancy (vanishing upon the first melting). However, such was not present with the other samples containing irregular shaped or spherical NPs. Moreover, the rise in the f-Al 2 O 3 melting temperature after the melt crystallization in the DSC pan was associated with a decreased degree of crystallinity of the sample during the second heating. This could be explained by either lamellar thickening or by hindered melting of the newly formed HDPE phase. Such (kinetic) hindrance may appear concurrently in the re-organization of NP aggregated, for example, by re-dispersion and re-wetting of the NPs by the polymer, or by mild crosslinking, which could potentially take place due to reactions with any unreacted VTMS, for example. The AFM and TEM images of the HDPE + f-Al 2 O 3 show the most uniform dispersion of chain-like nanoparticle aggregates, with is in line with observed strongest variation in the DSC data. Altogether, of all the studied nanocomposites the DSC data indicates more neutral or the weakest interactions between the TiN NPs and the polymer, as expected from the chemical inertness of the TiN. The others show more distinct variation in the DSC curves of samples, also those having exactly the same thermal histories (that is after the second heating cycle). HDPE + γ-Al 2 O 3 and HDPE + f-Al 2 O 3 samples have markedly lower degree of crystallinity (X c ) in the range of 54-56%, as compared to the reference and also compared to the GO and TiN samples (65-68%).
The low X c of the both Al 2 O 3 -samples correlate with the reduced peak crystallization temperature, which is 3-4°C lower than for the others, indicating that the f-Al 2 O 3 and γ-Al 2 O 3 slightly hinder the nucleation of HDPE [7] . have thoroughly investigated this aspect in pure PE by experiments and theory and stated that the driving Gibb's energy for the initial crystallization is directly proportional to the undercooling, and the initial crystal thickness is solely determined and inversely proportional to the undercooling (ΔT = T m,obs -T c ). Hence, omitting secondary crystallization, it could be hypothesized, according to the DSC data and theory and the parameters used by Hoffman and Miller [7] that the HDPE + f-Al 2 O 3 and the HDPE + γ-Al 2 O 3 could In all nanocomposites, except for the TiN, the observed T g of the HDPE is significantly (> 10°C) higher than in the reference HDPE (−123°C), suggesting hindered mobility of the polymer in the solid amorphous phase. This is likely originating from the physical interactions between the polymer chains and the NPs, or possibly, due to mild crosslinking with the vinylsilane, which could potentially react with radicals in the polymer melt. The highest T g were observed in the fAl 2 O 3 sample (−83°C) and in the γ-Al 2 O 3 (−102°C) samples. Moreover, another (weak) relaxation temperature was observed in the f-Al 2 O 3 sample near the −125°C, which could be explained by the presence of two polymer phases, namely the neat HDPE phase and a second phase in the vicinity of the NPs.
The onset of the "pre-melting" and melting processes appear at the same temperature, at approximately +80°C and +110°C, respectively, in the reference sample and in all the nanocomposites. However, for all of the nanocomposites the crystalline melting peak extends to significantly higher (by 5-15°C) temperatures. The observed wide and asymmetric melting peak presents likely either bimodal or multimodal melting in the nanocomposites, and hence suggests the emergence of new HDPE phases. In particular, the melting peaks of the HDPE + fAl 2 O 3 and HDPE + γ-Al 2 O 3 samples have clear high elbows extending to the temperature +165°C, which is remarkably higher than for the reference HDPE (+150°C). The newly formed phases can be in theory HDPE crystallites with (largely) varying lamellar thicknesses, mesophases, different crystalline structures (orthorhompic vs. monoclinic PE) or they could be due to the alternative crystalline architectures in the composite morphologies, such as oriented lamellae in the interparticle space, spherulitic crystalline structures disturbed by the NPs. Or, in principle, the observed differences could be coming solely from the slightly different thermal and flow history of the nanocomposite materials.
Applying the well known Gibbs-Thomson equation to the DSC data of the HDPE + γ-Al 2 O 3 and f-Al 2 O 3 samples, and using the fold surface energy and heat of fusion parameters of [29] ; our observed 4-10°C elevation of the peak T m by DSC, would correspond to tenfold difference in the crystalline thickness, from 10 nm range to 100 nm range, in the nanocomposite. This is in total disagreement with the other characterization methods TEM and AFM and with the XRD (D 110 and D 200 ) as will be shown later. Moreover, the HDPE + GO sample exhibited quite different melting behaviour compared to the reference yet, according to TEM and XRD, had comparable crystalline thickness (D hkl ) to the reference HDPE. Altogether, this suggests that the unusual melting and crystallization of the HDPE nanocomposites cannot be either explained by nucleation or lamellar thickening effects.
To summarize, the observations recorded at the 20 K/min (relatively high) heating and cooling rates suggest that the γ-Al 2 O 3 and fAl 2 O 3 nanoparticles hinder HDPE crystallization and crystalline melting after two heating cycles. The hindrance could originate from reduced polymer mobility near the nanoparticles, both in solid and in liquid state. However, at the relatively high mass loading of the NPs, the effect of the nanoparticles on the heat capacity of the composite and to the melting of the polymer near the NP can be hypothesized to play a role in the heat transfer during the DSC scan. [16, 25] For the reference and the nanocomposite samples the degree of crystallinity estimated from the XRD data are proportional to the values derived from the first DSC heating cycle, supporting the previous analyses. However, owing to the large variance in the background scattering intensity between the samples, more reliable and mutually comparable values for the crystallinity were derived from the DSC analyses.
X-ray diffraction (XRD)
Slight horizontal shifts of the diffraction patterns are likely associated to the small differences in vertical positioning of the samples. However, true splitting of the main (110) and (220) diffraction peaks was observed particularly in HDPE + GO and HDPE + γ-Al 2 O 3 nanocomposites, as shown in Fig. 3b . Peak splitting and the minor shifts (0.5°) in split peak positions can be also explained by deformation (e.g. twisting) of some of the HDPE orthorhombic crystals during the crystallization. Such crystal deformation is a phenomenon which has been well recognized by researchers and originating from the differential twisting of polymer lamellae during the growth of the polymer superstructure, such as banded spherulites [9, 15] . In our case, we did not detect any new peaks, which could originate from metastable monoclinic HDPE crystals, for example (210) and (210) at around 29-30° [ 28] .
Deconvolution of the 21.4°-21.7°(110) and 23.7°-24.1°(200) diffraction peaks and the application of the Scherrer equation yields in the crystalline thicknesses (D hkl ) tabulated in Table 3 . According to the deconvolution the split (110) and (200) peaks of HDPE + GO and HDPE + γ-Al 2 O 3 nanocomposites consist of two distinctly broad peaks, of which the peaks and the higher diffraction angles dominate (21.7°a nd 24.1°). These peaks are also sharper compared to the single peaks of the reference HDPE and the neighboring 21.4°peaks, meaning these crystals in the nanocomposites are either thicker, or, have significantly less defects with respect to the HDPE reference (D 110 = 16. analysis does not support major change in the crystal structure, but rather minor shifts in the lattice parameters of the HDPE orthorombic lattice. Furthermore, also the AFM and TEM images do not suggest a large variation in the lamellar morphologies of HDPE.
TEM
Representative TEM images of the neat HDPE (left) and the HDPE nanocomposites are shown in Fig. 4 . The upper row shows 3.5 × 3.5 μm 2 areas of the samples, which is comparable to the imaging area of the AFM images presented in Fig. 1 . The lower row presents 1 × 1 μm 2 close-ups from the same image area. Despite the absence of staining, crystalline lamellae of thickness of approximately 15-20 nm are clearly visible in the images. The NPs are mostly found in aggregates ranging from a few particles to macroscopic size. In some cases the aggregates are loose and irregularly shaped agglomerates that are clearly thoroughly wetted by the polymer. In the GO sample, the lamellae seem to preferentially align with the GO platelets seen as dark stripes, leading to more uniaxial alignment of the platelets. There are no clearly visible differences in the structure of the lamellae between the reference and the nanocomposites [17] . found that polyethylene films with molecular weight up to over 10 6 g/mol formed spherulitic structures upon crystallization. However, in the TEM images we saw no clear indication of long-range order typical to spherulites, such as radially branching lamellae or spherulite boundaries. Lamellae are typically in seemingly randomly oriented parallel stacks of less than ten crystals. Sometimes the lamellae seem to emanate radially from a central seed to form structures less than a micrometer in diameter. In the nanocomposites, the lamellae seem to grow outward from NP aggregates, which indicates that the aggregates can serve as nucleation points for the crystals or otherwise influence the direction of their growth. First order approximation of the IPD can be calculated for idealized cases from the volume fraction (V f ) and particle diameter (d) by using simple equations,
. In the case of aggregated or clustered NPs, such equations can yield the approximation of the dispersion (IPD), when the mean aggregate size and shape are known. In practice, filler aggregates can have complicated shapes and their size distribution or the distribution of IPDs are far from ideal. In fact, the interaction distance of NPs or their aggregates may be difficult to know a priori, especially in polymer matrixes crystallizing into complex microstructures. Hence, full understanding of the NP dispersion and the resulting properties, e.g. micromechanical elastic and plastic deformation, requires diverse physical characterization and supporting morphological imaging revealing the monodispersed NP (aggregates), their further aggregation and larger agglomerates. Measurement of the IPD is not fully justified by using isolated TEM and AFM images and in materials with varying proportions of agglomerated NPs, but rough estimates can be drawn from the TEM images. The worst dispersed TiN particles are typically arranged in chain-like aggregates of 150-200 nm in size, which are typically segregated into very loosely compacted 200-300 nm agglomerates, which in turn are separated by a distance of roughly 300-400 nm. The aggregate size is actually very close to the value in the particle size specifications of the powder materials. The best dispersion was observed for the HDPE + f-Al 2 O 3 sample, having a large number of chain-like 50 nm aggregates, separated by IPD of < 200 nm on average. However, the distribution of the IPDs (or the inter-aggregate distances) is quite spread, meaning that in a significant portion of the material the IPD in reality < 100 nm, which is in fact smaller than predicted by the first order (ideal) approximation of [26] .
Optical microscopy
The optical microscopy images in Fig. 5 show the macroscopic dispersion of the nanopowders in macroscopic level in the injection moulded samples. The HDPE reference shows a uniform morphology, where there are no clearly visible crystalline superstructures, such as spherulite boundaries in the images. The HDPE + TiN sample is throughout very dark colored due to the TiN nanoparticles dispersed in sub-micron level. However, a large portion of the TiN powder is Table 4 summarizes the results of the indentation measurements, sliding and abrasive wear tests. The indentation Hardness (HIT) has direct correlation to the crystallinity (X c ) of the nanocomposite (Table 2 ). For example, the neat HDPE having the highest X c of all the studied samples also had the highest HIT (53.6 MPa). Moreover, the HDPE + γ-Al 2 O 3 sample presenting the lowest X c has significantly lower HIT (38.6 MPa), associated with the lowest Plane strain modulus of 0.94 GPa. Both the HDPE + γ-Al 2 O 3 and the HDPE + f-Al 2 O 3 samples had dramatically reduced sliding wear compared to the neat HDPE, which, in contrast, for the f-Al 2 O 3 filler was linked to slightly higher elastic modulus, or the higher absorbed elastic work of the composite during the micro-indentation test.
The improved sliding wear resistance of the HDPE nanocomposites, in general, was not associated with any large differences in the abrasive wear resistance of the materials. All the NPs, except for the TiN, tend to increase the HDPE's coefficient of friction against steel surface. Hence, none of the studied fillers acted as an effective solid lubricant that would have reduced friction, which naturally would have affected the wear test results significantly. However, as the observed changes in the micromechanical properties of the materials were not dramatic, it is hypothesized that the significantly improved sliding wear properties are probably due two factors: (1) to the alteration of the plastic deformation mechanisms during the sliding wear pin-on-disk test, and hence the reduction of the size of the wear particles and (2) the associated formation of a stable transfer film on the steel counter surface during the test. This is in line with our earlier investigations on the wear performance of HDPE nanocomposites (unpublished work, to be submitted to Wear).
Conclusions
We studied the dispersion and morphology of various melt compounded HDPE nanocomposites. There were large differences in the quality of the dispersion in bulk, best observed by TEM and supported by optical images. Surface morphological imaging of the nanocomposites by non-contact AFM revealed uniform distribution of the NP aggregates on the surface of polymer. Moreover, some distinct differences in the orientation of surface lamellae, surface roughness between the nanocomposites and the HDPE reference films were observed by AFM. According to TEM, AFM and OM the dispersion quality ranged from the predominantly nanoscale dispersion of aluminium oxide nanopowders to the rather inhomogeous dispersion of TiN particles with aggregate size distribution from nano to micron scale.
In the case of alumina nanocomposites, we found altered matrix HDPE properties including decreased degree of crystallinity, 2-6°C reduction in crystallization temperatures and signicant 4-10°C increase in peak melting temperature, broadened DSC melting peak and significantly 13-40°C elevated glass transition temperature for the HDPE + γ-Al 2 O 3 and HDPE + f-Al 2 O 3 , respectively. In particular, the 6 wt-% hydrophobic fumed alumina (f-Al 2 O 3 ) with added vinylsilane coupling agent was well dispersed in HDPE. The HDPE + f-Al 2 O 3 nanocomposite exhibiting the highest increase in the glass transition and melting temperatures, and enhanced micromechanical and wear properties; 22% reduction in abrasive and 89% reduction in sliding wear volumes compared to HDPE. In contrast, high loading of 7.5 wt-% (1.45 vol-%) TiN (and the vinyl silane), with relatively uneven nanodispersion in HDPE, induced only minor changes in physical properties of the matrix polymer. The HDPE +6.0 wt-% (1.5 vol-%) γ-Al 2 O 3 and HDPE 1.0 wt-% (0.45 vol-%) GO nanocomposites showed split XRD peaks, supported by bimodal/multimodal DSC melting peaks, suggesting the emergence of somewhat thicker orthorombic HDPE crystals in the nanocomposites, when compared to native orthorombic HDPE.
Micro-indentation hardness was consistently lower in the nanocomposites than in the HDPE reference, likely due to their reduced degree of crystallinity, which was confirmed by DSC. Plane strain modulus similar to HDPE (1.54 GPa) was less altered in the nanocomposites, except for the HDPE + γ-Al 2 O 3 nanocomposite that had significantly lower indentation modulus (0.94 GPa) and also a particularly low hardness, most obviously owing to the low crystallinity and 
Table 4
Micromechanical and the wear properties of the nanocomposites: Plane strain modulus, Indentation hardness, sliding and abrasive wear volumes, as determined by micro-indentation, pin-on-disk and sand abrasion tests, respectively. possibly associated with minor crosslinking or chain braching by vinylsilane coupling agent. Despite the low crystallinity the indentation plane strain modulus of the HDPE + f-Al 2 O 3 nanocomposite was slightly (6%) elevated in comparison to the reference HDPE, and hardness was only marginally reduced from the reference. This was in spite of the sample having the lowest crystallinity in the sample set, suggesting that the f-Al 2 O 3 fillers can greatly compensate the reduced crystallinity. The difference between the two alumina fillers stems from the different nanopowder morphologies, differencies in the dispersion, and the stronger filler-matrix interactions in the case of f-Al 2 O 3 .
The results show that in addition to acting as reinforcing fillers, the surface functionalized nanoparticle aggregates affect the HDPE crystallization process by hindering the nucleation of orthorhobic crystallites. Large increases in the peak melting temperatures were observed by DSC, which could not be explained by increased crystal thickness of HDPE by either the Gibbs-Thomson theory or by the Lauritzen-Hoffman theoretical frameworks [7] . Hence, the observed melting and the hindered crystallization behaviour and the end-properties of the HDPE nanocomposites stem from factors beyond polymer morphology and the HDPE lamellar thickness effects. The results can be explained by hindrance of molten polymer mobility near the NP phase (hindered crystallization by DSC), and, more importantly, the hindered mobility of the chains in the solid amorphous polymer phase of the nanocomposites, similar to physical crosslinking. However, further work is needed to pinpoint the exact mechanisms of elastic and plastic deformation in HDPE nanocomposites.
Declaration of interest
None.
Data availability
The raw TEM and AFM micrographs required to reproduce these findings cannot be shared at this time due to technical limitations. The raw XRD, DSC, indentation and wear data required to reproduce these findings cannot be shared at this time as the data also forms part of an ongoing study.
